Introduction {#S1}
============

Collective cell migration occurs in a range of developmental situations including the morphogenesis of epithelial and endothelial tissues, border cell migration in *Drosophila* and lateral line migration in zebrafish [@R1], [@R2]. Various pathologies are also associated with cohesive cell migration; for example, many cancers show collective patterns of invasion[@R3], [@R4]. The molecular regulation of this process is not well understood but some principles are becoming apparent. Co-ordinated protease, integrin and RhoA function is required in the leading cells to remodel the extracellular matrix and facilitate the invasion of subsequent cells[@R5]-[@R8]. Effective migration is likely to require co-ordinated regulation of the cytoskeleton of cells moving in the group. Previous work had indicated that myosin function is greater around the edge of collectively invading groups of cancer cells[@R6]. This increased actomyosin at the edge of the group required Cdc42 and MRCK. However, neither the significance nor the mechanism of reduced actomyosin within the interior of the group is clear.

A variety of transmembrane proteins transmit information about the cellular environment to the interior of the cell[@R9]-[@R11]. These may interact with soluble factors, insoluble extracellular matrix or other cells. Discoidin Domain Receptor 1 (DDR1) is a single membrane spanning protein that interacts with fibrillar collagen and contains an intracellular kinase domain and various motifs for binding adaptor molecules[@R12]-[@R14]. DDR1 is highly expressed in epithelial tissues and can be associated with E-cadherin[@R15], although the biological significance of this interaction is not clear.

Here we show that collective cancer cell invasion depends on reducing actomyosin contractility at sites of cell-cell contact. Depletion of DDR1 blocks collective cancer cell invasion. DDR1 binds to the cell polarity regulators Par3 and Par6. The DDR1/Par3/6 complex moderates actomyosin activity at cell-cell contacts by controlling the localisation of RhoE. Together these data provide a new model for modulating actomyosin activity at sites of cell-cell contact and thereby enabling collective cancer cell migration.

Results {#S2}
=======

Actomyosin organisation in collective invasion {#S3}
----------------------------------------------

Many cancer types including squamous cell carcinoma and breast cancer are frequently observed invading collectively[@R3], [@R4]. Here we investigate actomyosin organisation during collective invasion. Myosin Light Chain (MLC) localised around the outside of cell clusters but was reduced at sites of cell-cell contact in A431 squamous cell carcinoma (SCC) cells invading collectively within a 3D matrix ([Figure 1a](#F1){ref-type="fig"}). Similarly, myosin IIa was localised around the outer margins of collectively invading human SCC samples ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). This organisation was also observed in A431 on 2D substrates ([Figure 1a](#F1){ref-type="fig"}). To learn more about the regulation of actomyosin at cell-cell contacts we probed the localisation of the active pS19-MLC in A431 cells following re-plating as single cells. Over the course of 24 hours almost all cells became incorporated in small clusters. In single moving A431 cells, active MLC is localised all around the cell cortex ([Supplementary Figure 1b left-hand panels](#SD1){ref-type="supplementary-material"}). In cases where single cells meet pS19MLC is present at the initial cell contacts (left-mid panels) but starts to be reduced as cell contacts become more extensive (right-mid panels) and is almost absent from well established sites of cell-cell contact after 24 hours (right panels). Thus as single cells aggregate active MLC is maintained around cell edges that are not in contact with other cells but becomes gradually down-regulated at cell-cell contacts.

Timelapse imaging confirmed that A431 cells move in a co-ordinated manner *in vitro*. [Supplementary Figure 2](#SD1){ref-type="supplementary-material"} shows images of A431 cells co-cultured with fibroblasts taken at 36, 41.25 and 47.5 hours post plating. Cell tracking demonstrates the collective nature of this movement and similar direction of motility of adjacent cells (Supplementary Movie 1 and [Supplementary Figure 2c](#SD1){ref-type="supplementary-material"}). Similar results were obtained in the absence of fibroblasts. To investigate if reduced MLC activity at cell-cell contacts is important for collective migration we globally increased actomyosin activity in A431 cells co-cultured with stromal fibroblasts. A431 cells expressing a conditionally active ROCK1 construct, ROCK1:ER respond to the addition of tamoxifen with uniform and de-regulated activation of ROCK1 driven contractility ([@R16] and data not shown). This de-regulated actomyosin activation leads to a failure in collective cell migration (Supplementary Movie 2). [Supplementary Figure 2](#SD1){ref-type="supplementary-material"} shows images taken at similar time intervals to control cells. Tracing of cell paths ([Supplementary Figure 2c](#SD1){ref-type="supplementary-material"}) clearly show a dramatic lack of co-ordination in the direction of cell movement when actomyosin contractility is de-regulated. Furthermore, breaks within the groups of cells frequently appeared. These data demonstrate that globally elevated actomyosin activity is detrimental to collective cell migration.

DDR1 regulates actomyosin organisation {#S4}
--------------------------------------

To learn more about the cohesion and actin organisation of A431 cells we investigated the effect of siRNA-mediated depletion of a range of cytoskeletal regulators and adhesion molecules. A broad range of phenotypes were observed including disrupted cell-cell contacts and altered F-actin at cell-cell contacts. [Supplementary Figure 3a&b](#SD1){ref-type="supplementary-material"} shows representative images of the phenotypes observed together with the genes that produce the phenotype when depleted. This data was obtained by transfection of pools of siRNA so we cannot exclude off-target effects for all the genes listed. However, we were able to confirm the effect of depleting the following genes using multiple individual siRNA\'s: paxillin, RhoE, DDR1, Nck2, p190ARhoGAP, Talin, Cdc42, RhoA, p120 catenin, and E-cadherin. Ambiguous results were obtained with Ptk2 and Diaph1 while other hits were not tested (data not shown).

Depletion of DDR1 led to altered actin organisation. Control cells had a single tight band of F-actin at cell-cell contacts whereas DDR1 depleted cells had two diffuse bands of F-actin either side of the contact ([Figure 1c](#F1){ref-type="fig"}). DDR1 depletion also led to myosin IIa and active pS19-MLC being present all around the cell periphery and not just at cell margins away from cell-cell contacts ([Figure 1c](#F1){ref-type="fig"}). The total levels of pS19-MLC or RhoA-GTP were not affected by DDR1 depletion ([Supplementary Figure 4a&b](#SD1){ref-type="supplementary-material"}). Altered actomyosin organisation at cell-cell contacts was also observed in MCF10A breast epithelial cells following DDR1 depletion ([Supplementary Figure 4d&e](#SD1){ref-type="supplementary-material"}). DDR1 depleted cells were also more spread than controls, which may indicate altered cell-matrix adhesion ([Supplementary Figure 4c](#SD1){ref-type="supplementary-material"}). Although DDR1 is a collagen receptor[@R13], we were unable to observe defects in adhesion to collagen I when DDR1 was depleted ([Supplementary Figure 4g](#SD1){ref-type="supplementary-material"}).

The actomyosin organisation at cell-cell contacts in cells lacking DDR1 is similar to immature adherens junction in untransformed epithelial cells[@R17]. Analysis of adherens junctions revealed that they still formed in cells lacking DDR1and that the level of adherens junction components was not altered ([Figure 1c](#F1){ref-type="fig"} and [Supplementary Figure 4d&e](#SD1){ref-type="supplementary-material"}). However, cell-cell adhesion in DDR1 depleted cells was partially impaired ([Supplementary Figure 4f](#SD1){ref-type="supplementary-material"}). These data indicate that DDR1 is required for reducing actomyosin contractility at cell-cell contacts and the formation of more mature adherens junctions.

DDR1 is required for collective cancer cell invasion {#S5}
----------------------------------------------------

We next investigated the consequence of DDR1 depletion in collective cancer cell migration in a range of assays. Control A431 cells move in cohorts with all cells moving in a similar direction ([Figure 1d](#F1){ref-type="fig"} and Supplementary Movie 3). In contrast, DDR1-depleted cells moved in multiple different directions leading to disruption of the cell grouping ([Figure 1d](#F1){ref-type="fig"} and Movies 4&5). Furthermore, the collective invasion of strands of squamous cell carcinoma cells in both spheroid and organotypic cultures is dramatically reduced by depletion of DDR1 ([Figure 1e&f](#F1){ref-type="fig"}, siRNA efficiency in SCC12 cells shown in [Supplementary Figure 5h](#SD1){ref-type="supplementary-material"}). Multiphoton confocal analysis of organotypic cultures confirmed that SCC12 and A431 cells invading collectively in these assays with actomyosin organisation very similar to that shown in [Figure 1a](#F1){ref-type="fig"} (data not shown and reference[@R6]). Together these data demonstrate that DDR1 is required for collective cancer cell invasion in a range of models.

To learn more about how DDR1 was modulating collective cell invasion we attempted to rescue the defects in cells stably depleted for DDR1 by expressing mutant forms of DDR1 resistant to shRNA. [Figure 2a](#F2){ref-type="fig"} shows that wild-type DDR1 expression in adjacent cells restores the F-actin organisation at cell-cell contacts; expression in isolated cells did not rescue F-actin organisation ([Figure 2b](#F2){ref-type="fig"}). The requirement for DDR1 in both neighbouring cells might indicate that it forms 'trans' dimers. However, the extracellular portion of DDR1 fused to Fc [@R18] was not able to bind to the surface of A431 cells (data not shown). DDR1 kinase-dead (K618A)[@R19] or collagen-binding defective (R105A)[@R20] mutants were able to restore F-actin organisation at cell-cell contacts ([Figure 2b](#F2){ref-type="fig"}). However, deletion of the entire discoidin domain (ΔDS1) prevented DDR1 from regulating F-actin at cell-cell contacts ([Figure 2b](#F2){ref-type="fig"}). Expression of DDR1 lacking its intracellular domain (ECTM-GFP) led to a similar phenotype as DDR1 depletion even if a residue critical for collagen binding was mutated ([Figure 2c](#F2){ref-type="fig"}). Surprisingly for a molecule implicated in cell-matrix adhesion, DDR1 localised to cell-cell contacts ([Figure 2a&c](#F2){ref-type="fig"}). Furthermore we found that endogenous DDR1 localised in the apical zone of cell-cell contacts ([Figure 2d](#F2){ref-type="fig"}). The localisation of DDR1 to cell-cell contacts required E-cadherin function ([Figure 2e](#F2){ref-type="fig"}) and was observed in several human cancer biopsies and cell lines ([Supplementary Figure 5b and 6](#SD1){ref-type="supplementary-material"} and ref [@R15]). Interestingly, DDR1 was not observed at cell-cell contacts in E-cadherin negative patient samples, cancer cells capable of experimental blood-borne metastasis or following treatment with the combination of pro-metastatic factors EGF and TGFβ ([Supplementary Figure 5b&c](#SD1){ref-type="supplementary-material"} and [Supplementary Figure 6b](#SD1){ref-type="supplementary-material"}). Our data suggest that binding to a non-collagen ligand at cell-cell contacts by DDR1 co-ordinates the assembly of a protein complex that suppresses actomyosin function and thereby enables collective cancer cell invasion. We sought to identify such a protein complex.

DDR1 interacts with Par3 and Par6 {#S6}
---------------------------------

Sequence analysis of DDR1 revealed a conserved C-terminus with homology to the PDZ-binding motifs in claudins 4, 5, and 6 ([Figure 3a](#F3){ref-type="fig"})[@R21]. We therefore tried to identify proteins that bound to a 70 amino-acid C-terminal fragment of DDR1 but not a similar fragment lacking the final valine residue, which is required for binding PDZ domains. A candidate approach revealed that the cell polarity regulator Par3 bound to the C-terminus of DDR1 ([Figure 3b](#F3){ref-type="fig"}). We confirmed this interaction by immune-precipitating Par3 with DDR1 ([Figure 3ci](#F3){ref-type="fig"}). Par6, which acts together with Par3 to regulate cell polarity[@R22], also co-precipitated with DDR1 ([Figure 3cii](#F3){ref-type="fig"}). DDR1 interacts most strongly with the first PDZ domain of Par3 and the PDZ domain of Par6 ([Figure 3d](#F3){ref-type="fig"}). Immune-fluorescence demonstrated that Par3 and DDR1 co-localise in the apical domain of cell-cell contacts ([Figure 3e](#F3){ref-type="fig"}) and at cell-cell contacts in invasive squamous cell and breast carcinoma ([Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). Finally, we demonstrated that depletion of DDR1 disrupted the localisation of Par3 ([Figure 3f](#F3){ref-type="fig"}): total Par3 levels were not affected by DDR1 depletion (data not shown). Interestingly, DDR1 localisation was compromised in Par3 depleted cells suggesting interdependence of their sub-cellular distribution ([Figure 3g](#F3){ref-type="fig"}).

Par3 and Par6 are required for collective invasion {#S7}
--------------------------------------------------

We next investigated if the interaction with Par3 or Par6 could account for the ability of DDR1 to diminish actomyosin contractility at cell-cell contacts. Strikingly, depletion of Par3 or Par6 resulted in very similar phenotypes to depletion of DDR1. Firstly, active pS19 MLC was no longer reduced at cell-cell contacts in Par3 or Par6 depleted cells and F-actin was frequently organised in diffuse bands either side of the cell-cell contact ([Figure 4a&b](#F4){ref-type="fig"}). Furthermore, cells depleted for Par3 or Par6 also failed to move in a cohesive manner ([Figure 4c](#F4){ref-type="fig"}) or invade collectively in an organotypic model of squamous cell carcinoma ([Figure 4d](#F4){ref-type="fig"}). Par3 and Par6 have numerous binding partners; including atypical PKC\'s, Tiam-1 and Cdc42[@R23]-[@R25]. Depletion of PKCι and PKCζ or Tiam-1 led to a similar phenotype as DDR1 depletion (data not shown). This suggests that a large multi-protein complex may be involved in regulation of collective cell movement by DDR1

Local regulation of actomyosin by DDR1 involves RhoE {#S8}
----------------------------------------------------

Finally, we wished to determine whether DDR1 and Par3 controlled regulators of actomyosin contractility. During the siRNA screening that led us to DDR1, we noticed that depletion of RhoE and p190ARhoGAP also yielded similar phenotypes (shown in detail in [Figure 5a&b](#F5){ref-type="fig"}, quantification of the phenotype in [Supplementary Figure 3c](#SD1){ref-type="supplementary-material"}). Furthermore, depletion of RhoE led to a failure in the co-ordinated migration of cell clusters and reduced invasion in 3D ([Figures 5c&d](#F5){ref-type="fig"}). RhoE and p190ARhoGAP both antagonise Rho-ROCK driven actomyosin contractility. p190ARhoGAP reduces RhoA activity[@R26] while RhoE can both directly inhibit ROCK1 [@R27],[@R28] and increase the activity of p190ARhoGAP[@R29]. In addition, we and others have observed that RhoE is found at sites of cell-cell contact ([Figure 5e](#F5){ref-type="fig"} and [@R30]). We therefore asked if DDR1 was controlling the localisation of RhoE and thereby reducing ROCK function at cell-cell contacts. [Figures 5e&f](#F5){ref-type="fig"} show localisation of RhoE-myc expressed in control and DDR1 shRNA A431 clones. RhoE is found in the cell-cell contacts in control cells but is more diffusely distributed in the cytoplasm in the DDR1-depleted clones. Similar results were obtained following Par3 or Par6 depletion ([Figure 5f](#F5){ref-type="fig"}). Total RhoE levels were not affected by DDR1 depletion (data not shown). Importantly, DDR1 could still be observed at cell-cell contacts following RhoE depletion ([Figure 5g](#F5){ref-type="fig"}). Therefore DDR1 controls the localisation of RhoE and not vice-versa. These data predict that the altered actomyosin organisation at cell junctions following DDR1 depletion results from aberrantly high Rho-ROCK function at cell-cell contacts. To test this hypothesis we treated DDR1 depleted cells with ROCK inhibitor and monitored pS19-MLC and F-actin organisation at cell-cell contacts. [Figure 5h](#F5){ref-type="fig"} shows that the elevated pS19-MLC observed at cell-cell contacts in DDR1 depleted cells was completely dependent on ROCK function. Furthermore, the F-actin organisation in DDR1 depleted cells reverted from two diffuse bands to one single band of F-actin following ROCK inhibitor treatment. Similar results were obtained with RhoA siRNA (data not shown). Other aspects of the phenotype of DDR1 depletion cells, such as the increase in spread area, were not dependent of RhoA or ROCK ([Figure 5h](#F5){ref-type="fig"}). These data indicate that the aberrant actomyosin organisation at cell-cell junctions in cells lacking DDR1 results from elevated ROCK-driven actomyosin contractility.

Discussion {#S9}
==========

Collective movement requires the coordination of actomyosin organisation between cells. Actomyosin contractility is high around the edge of the cell cluster and low between cells ([Figure 6](#F6){ref-type="fig"} and [@R6]). At the margin of the group actomyosin is organised in a supra-cellular structure analogous to the 'purse-string' observed in epithelial wound closure[@R31]-[@R33] ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"} & [Figure 6](#F6){ref-type="fig"}). Both the elevated actomyosin observed around the edges of groups of invading cancer cells and 'purse-string' wound closure are dependent on Cdc42[@R6], [@R32], [@R33]. Force is transmitted between cells through cell-cell contacts near the edge of group. However, if force is applied uniformly around the cell margin the cell junctions become compromised and co-ordination of movement between neighbouring cells fails ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"} and Supplementary Movie 2). Consistent with this, contact inhibition of locomotion and cell-cell repulsion are associated with increased Rho-driven actomyosin contraction function following cell-cell contact[@R34], [@R35]. Therefore a mechanism is required to reduce actomyosin contractility at sites of cell-cell contact. DDR1 acts in a new non-collagen binding capacity at cell-cell contacts. The localisation of DDR1 to cell-cell contacts requires E-cadherin[@R15]. Once localised at cell-cell contacts, DDR1 helps to recruit Par3 and Par6 and these molecules are required for efficient collective invasion. Interestingly, cell polarity regulators are required for optimal migration in 2D scratch/ wound assays[@R36]-[@R39], which have some aspects of collective nature. Moreover, Par3 and Par6 are required for collective migration of border cells in the *Drosophila* embryo[@R40]. The DDR1/Par3/Par6 complex then controls the localisation of RhoE. RhoE may be localised through the intermediary p190ARhoGAP, which can bind both Par6 and RhoE [@R29], [@R41]. Consistent with this, depletion of p190ARhoGAP gave a similar phenotype to DDR1 or Par3/6 depletion ([Figure 5a](#F5){ref-type="fig"}). Both RhoE and p190ARhoGAP can antagonise Rho-ROCK mediated regulation of actomyosin[@R42], [@R43]. The Par3-dependent suppression of actomyosin that we observe reciprocates the suppression of Par3 function by the actomyosin regulator ROCK[@R44], [@R45]. It is likely that the reciprocal nature of these negative interactions serves to robustly segregate Par3 and actomyosin. The DDR1-dependent mechanism that we describe most probably acts together with other proteins to reduce Rho-ROCK function at cell-cell contacts, such as p120 catenin-dependent mechanisms [@R46]. Our analysis has not yet allowed us to determine all the components of DDR1 complexes at cell-cell contacts.

Various regulators of cell polarity become mis-regulated in cancer and this has been linked to increased metastasis [@R47],[@R48],[@R49]. We believe that disruption of DDR1-dependent Par3 localisation to cell-cell contacts might be expected to favour blood-borne metastasis. Our data do not exclude a positive role for DDR1 in metastasis as a collagen receptor. Indeed we found that interference with DDR1 function in metastatic MTLn3 cells reduced their ability to colonise lung tissue (data not shown) Therefore, DDR1 expression may not simply correlate with metastatic ability but it is important to consider whether it is acting in cell-matrix or cell-cell adhesion context. In the former context it may promote single cell cancer invasion and processes such as lung colonisation[@R50]. In the latter context it may only promote more local and lymphatic invasion and hinder haematogenous metastasis. It is likely that DDR1 engages in different molecular complexes depending whether it is involved in cell-cell interactions or cell-matrix interactions. For example, our data suggest that DDR1 does not associate with myosin IIa at cell-cell contacts but it has been reported to associate with myosin IIa in other contexts[@R51].

In summary, we describe a mechanism is required to reduce actomyosin contractility at sites of cell-cell contact. DDR1 acts in a new non-collagen binding capacity at cell-cell contacts. DDR1 helps to recruit Par3 and Par6 and this complex then controls the localisation of RhoE, which can antagonise Rho-ROCK mediated regulation of actomyosin. Thus, DDR1 functions at cell-cell contacts to keep actomyosin activity at low levels. Without this reduction in actomyosin activity cell cohesion cannot be maintained during collective cell migration.

Supplementary Material {#SM}
======================

![DDR1 is required for collective cell migration\
(a) Top-left panel shows A431 SCC cells collectively invading a 3D matrix (F-actin -- red, reflectance -- cyan). Other left-hand panels show higher magnification of the indicated area. β-catenin -- blue, F-actin -- red, GFP-MLC -- green. Right-hand panels show A431 cells on a 2D substrate, colours as in left-hand panels. Scale bars are 10 μm. (b) DDR1 western blots showing efficacy of siRNA (upper panel) and shRNA (lower panel); tubulin is used as loading control. (c) Representative images of F-actin organisation, pS19-MLC, myosin IIa or E-cadherin in A431 cells transfected with control siRNA (left) or with two different siRNA oligonucleotides against DDR1: \#3 (middle) and \#4 (right). Scale bars are 20 μm. (d) i) Upper panels show snap shots from phase contrast movies of control and DDR1 shRNA-transfected A431 cells moving on collagen gels. Scale bars are 20μm. Blue shading shows the position of cell groups at t=0 and red shading shows the position of the same cell groups at t=6 hours. ii) and iii) show the cell dispersion index and the average speed of cells within groups, respectively. Data calculated from tracking multiple cell groups from multiple experiments (analysis of 7-10 colonies from three independent experiments). \* indicates p\<0.01 student's t-test. (e) Panels show 3D reconstruction of 'spheroid' SCC invasion assays in control and DDR1 depleted A431 cells. Grid spacing is 50μm. (f) Panels show H&E sections of control or DDR1 siRNA transfected SCC cells in an organotypic assay. The number in the bottom-left corner shows the invasion index of three independent experiments as percentage of the non-transfected cells.](ukmss-33543-f0001){#F1}

![DDR1 does not require kinase activity or collagen binding to regulate acto-myosin at cell contacts\
(a) Representative pictures where DDR1 resistant to siRNA oligonucletides \#3&\#4 was expressed in two DDR1 stable knock down clones (shDDR1\#3 and shDDR1\#4) or control cells (shCtr). F-actin is shown in red and DDR1 in green. The bottom panels show shDDR1\#3 cells transfected with cherry as a control; scale bars are 10 μm. (b) The upper graph shows the quantification of recovery of normal actin organisation in two DDR1 stable knock down clones (shDDR1\#3 and shDDR1\#4) or control cells (shCtr) transfected with cherry as a control or with a DDR1 construct resistant to siRNA oligonucleotides \#3&\#4. Left panels show when DDR1 (or cherry) is expressed only in one of the two cells in contact, while right panels show when DDR1 (or cherry) is expressed in both two cells in contact with one another. In the bottom graph is represented the percentage of cells with normal actin organisation in the cell-cell contacts in shDDR1\#3 and shDDR1\#4 cells transfected with cherry as a control or with different DDR1 constructs resistant to siRNA oligonucleotides \#3&\#4 (wt, K618A, R105A or ΔDS1). Average of three experiments is shown: 20-30 cells were counted per experiment. (c) F-actin (left) and pS19-MLC organisation in A431 cells transfected with ECTM-GFP (wt in top panels and R105A in bottom panels). In the top panels, cells on the left are non-transfected cells. Scale bars are 20 μm. (d) example of DDR1 staining (green) in apical (top panel) and basal (bottom panel) membranes of A431 cells. Scale bars are 20 μm. (e) F-actin and DDR1 staining is shown in A431 cells transfected with control or E-cadherin siRNA. Scale bar is 20μm. (f) Western blot showing E-cadherin and DDR1 levels in A431 cells transfected with control or E-cadherin siRNA.](ukmss-33543-f0002){#F2}

![DR1 interacts with Par3 and Par 6\
(a) Comparison of the last C-terminal aminoacids of DDR1 in human, rat, mouse, claudin 4, 5 and 6 and DDR2. (b) Negative staining of GST pulldown using GST alone as control (left), DDR1 amino acids 801-876 (middle) and DDR1 amino acids 801-875 (right). Asterisks show bands present only in the 801-876 lane. Bottom panel: Par3 western blot showing Par3 pulled down only by DDR1 801-876. (c) i) Non-transfected (first lane), GFP-transfected (second lane) or Par3-GFP-transfected (third lane) A431 cell lysates were incubated with anti-GFP antibody and the amount of endogenous DDR1 bound was determined by western blot. The Par3 western blot is shown on the middle. The amount of DDR1 in the starting lysates is shown on the bottom. ii) Non-transfected (first lane), empty PRK5.1-transfected (second lane) or Par6-flag-transfected (third lane) A431 cell lysates were incubated with anti-Flag antibody and the amount of endogenous DDR1 bound was determined by western blot. The amount of DDR1 in the starting lysates is shown on the bottom. (d) Flag-tagged PDZ domains of Par3 (third to fifth lanes) and Par6 (sixth lane) were immunoprecipitated from 293 cells also expressing DDR1. Non-transfected cells (first lane) and DDR1 alone (second lane) were used as controls. (e) Representative pictures showing Par3, DDR1 and F-actin staining (blue in merge) in A431 cells in apical membranes. Scale bar is 10 μm. (f) representative pictures showing actin (red) and Par3 (green) localisation in two clones stably knocked down of DDR1 (shDDR1\#3 or shDDR1\#4) or control A431 cells (shCtr) Scale bars are 10μm. (g) Representative pictures of Par3 (top) and DDR1 (bottom) in A431 cells transfected with control siRNA (left panels) or siRNA against Par3 (right panels). Scale bar is 20 μm.](ukmss-33543-f0003){#F3}

![Par3 and Par6 are required for efficient collective invasion\
(a) i) Representative images showing pS19-MLC (green) and F-actin (red) localisation in siRNA control, Par3 or Par6 transfections with two different siRNA oligonucleotides. Scale bars are 10 μm. ii) Quantification of F-actin organization at cell-cell contacts. A431 cells were transfected with the indicated siRNA and 60 hours after transfection were fixed and stained for F-actin. The proportion of cells with tight F-actin at cell-cell contacts was scored (n=2, \>200 cells for each data point). (b) Left-hand panels show Par3 and DDR1 levels in A431 cells transfected with control or Par3 siRNA. β-tubulin is shown as a loading control. Right-hand panels show QRT-PCR confirmation of Par6 depletion by two siRNA oligonucletides in A431 cells (normalised to GAPDH). (c) Dispersion index of cells moving on collagen gels in control, Par3 or Par6 siRNA transfected A431 cells. Analysis of 7-10 colonies from three independent experiments is shown. \* indicates p\<0.01 student\'s t-test. (d) Representative images of H&E sections of control or Par3 or Par6 siRNA transfected SCC cells in an organotypic assay. The number in the right-bottom corner represents the invasion index after quantification of three independent experiments as percentage of the control cells.](ukmss-33543-f0004){#F4}

![DDR1 controls RhoE localization at cell-cell contacts\
(a) Representative images of F-actin organisation or pS19-MLC in A431 cells transfected with control siRNA or with two different siRNA oligonucleotides against RhoE or p190RhoGAP. Scale bars are 10 μm. (b) RhoE (upper) and p190RhoGAP (lower) western blots showing efficacy of siRNA; β-tubulin is used as loading control. (c) Dispersion index of cells moving on collagen gels in control or RhoE siRNA transfected A431 cells. Analysis of 7-10 colonies from two independent experiments is shown. \* indicates p\<0.01 student's t-test.. (d) Panels show 3D reconstruction of 'spheroid' SCC invasion assays in control and RhoE depleted A431 cells. Grid spacing is 50μm. (e) Immunofluorescence for myc (green) and actin (red) showing RhoE-myc localisation in two DDR1 stable knock down clones (shDDR1\#3 and shDDR1\#4) or control cells (shCtr). Scale bars are 10 μm. (f) the % of cells with RhoE localised to the plasma membrane is shown. Average of three experiments is shown: 20-30 cells were counted per experiment. (g) Representative images showing DDR1 localisation in A431 cells transfected with either control or RhoE siRNA. Scale bars are 10 μm. (h) Representative images of F-actin and pS19-MLC in control and DDR1 siRNA transfected cells treated with 5μm Y27632 (ROCK inhibitor). Scale bars are 10 μm.](ukmss-33543-f0005){#F5}

![Schematic model showing the acto-myosin organisation in collective movement in normal conditions (i) or when interfering with DDR1, Par3 or RhoE (ii).](ukmss-33543-f0006){#F6}
